Drying characteristics of oil palm frond fibres were investigated in a fluidized bed dryer in the presence of inert particles. Sand was used as the inert material. Effects of air temperature (60, 70 and 80 °C), air velocity (0.79 and 0.85 m/s) and mass ratio of fibres to sand (1:0, 1:1 and 1:2) on the drying curves were investigated. The results showed that the shortest drying time was obtained with the highest air temperature, air velocity and fibres to sand mass ratio. The experimental drying data were fitted to nine existing drying models, namely the Lewis, Page, Modified Page, Henderson and Pabis, Logarithmic, Two-term, Two-term exponential and Wang and Singh models and a proposed new model. The goodness-of-fit was determined based on the values of r 2 , χ 2 and RMSE. The results showed that the best quality of the fit was obtained using the proposed model. The new model was also validated for the superheated steam drying of oil palm empty fruit bunch from other work.
is essential that the drying of oil palm fronds is done quickly to preserve the fibres before being used for subsequent processes.
Drying is the process of thermally removing volatile substances (moisture) to yield a solid product. It is a complex process involving simultaneous heat, mass and momentum transfer phenomena [9] . Mathematical models of the drying processes are used for designing new or improving existing drying systems or even for the control of the drying process [10] . Thin-layer drying models are the most widely used practice for modelling the drying process of many agricultural products. These models can be categorized as theoretical, semi-theoretical, and empirical [10] [11] [12] . Examples of semi-theoretical models are the Lewis model, Page Several studies have been reported on mathematical modelling of agricultural products. The Page model was reported to be the most suitable model for the drying of pistachio nuts [13] , pomegranate arils [14] and sweet cherry [15] . The Henderson and Pabis model was found to be most suitable for describing the drying curves of banana, mango and cassava [16] . The logarithmic model was shown to be suitable to describe the drying kinetics of plum [17] , apple pomace [18] , radish [19] , hull-less seed pumpkin [20] , plum [21] and figs [22] . Shen et al. [23] reported that the Wang and Singh model was the best one to describe the drying process of sweet sorghum stalk. The Midilli et al. model was shown to best describe the drying of okra [10] , chilli [24] , mint leaves [25] , mushroom [26] , olive pomace [27] and paddy [28] .
Fluidized bed dryers are widely used to dry various materials due to the high heat and mass transfer rates, good mixing of solids, ease of operation and maintenance and also lower capital cost [29] . A fluidized bed dryer with the presence of inert particles, whereby the inert particles serve as heat carrier, has been used to assist the drying of a variety of materials. Inert particles can improve the fluidization behaviour of the materials and increase the convective heat and mass transfer rates [30, 31] .
A number of studies have been conducted in the area of fluidized bed drying with inert particles. Most of these involved the drying of liquids, suspensions, slurries, pulps and pastes [30, 32] . However, limited information is available for the drying of fibrous material in a fluidized bed with inert particles. The objectives of this work were to investigate the drying characteristics of oil palm frond fibres in a fluidized bed dryer with the presence of inert medium and to evaluate suitable drying model for describing the drying kinetics.
MATERIALS AND METHODS

Materials
Oil palm frond was used as the material to be dried. Fresh oil palm fronds were collected from oil palm plantation at Bangi, Selangor, Malaysia. After removing the leaves, the whole petiole was crushed using a mechanical crusher (Cheso Cresher Model LCT 10 HP). The crushed oil palm fronds were then sieved to remove particles larger than 4 mm. This material has natural moisture content of about 2.3 g water/g dry solid. Sand with particle size of about 250 μm was used as the inert particles.
Drying apparatus
The drying experiments were carried out in a fluidized bed rapid bid dryer, model TG100, Retsch GmbH & Co., Germany, shown in Figure 1 . The column was cylindrical with a diameter of 18 cm and height of 22 cm. The fluidized bed dryer was first switched on and the air was heated to the required temperature. The hot air was circulated in the column for about 10 min to reduce the heat loss through the wall which was initially cold. The sample, i.e., mixture of 20 g of fibres and 0, 20 and 40 g of sand was then introduced into the fluidized bed dryer and the drying experiment was started. The data for moisture content was collected at certain time interval by intermittent weighing the sample on an electric balance (model Mettler PE1600, Mettler Instruments Corporation, Greifensee, Zurich, Switzerland; precision of ±0.01 g) placed next to the dryer. The final moisture content was determined by drying the sample in an oven at 105 °C for 24 h or until no significant changes in the weight of the sample [33] . 
Operating conditions
The drying experiments were conducted at different air temperatures (60, 70 and 80 °C), air velocities (0.79 and 0.85 m/s) and mass ratios of fibres to sand (1:0, 1:1 and 1:2). The amount of fibres used in all drying experiments was 20 g. The air velocities used in the experiments were selected above the minimum fluidization velocity of sand so that the inert particles could help to agitate the bed of oil palm fibres and act as the heat carrier. The volume of air flow rate supplied by Retsch GmbH & Co., Germany was converted to air velocity unit (m/s) using the following equation:
Air velocity (m/s) 3600 4 Q D (1) All the experiments were performed up to 50 min. The experimental runs are summarized in Table 1 .
Analysis of results
The experimental results are presented as the drying rate curves. The drying rate curve was cons-tructed from the variation of the drying rate with moisture content. The normalized moisture content MR was used to represent the drying kinetics and defined as follows:
The values of X e used in this work were determined from the desorption isotherm data from Supranto et al. [8] . Using their experimental data, the relationship between equilibrium moisture content and relative humidity of air was found to fit the Hasley model below:
From the curve fitting, it was found that the values of the parameters A, B and C for oil palm fronds were -1.70, -0.02 and -0.93, respectively. Figure 2 shows the drying curves of oil palm frond fibres for both with and without inert particles at air temperature of 80 °C and air velocity of 0.79 m/s. As can be observed from Figure 2 , the drying time was shorter when the fibres were dried in the fluidized bed dryer with inert particles. It was found that the drying time required to reach moisture content of 0.1 g water/g dry solid was 38, 26 and 26 min for drying with ratio of fibres to sand of 1:0, 1:1 and 1:2, respectively, when dried at air temperature of 80 °C and air velocity of 0.79 m/s. Thus, by adding the same amount of sand as the inert medium, the drying time could be reduced by about 33% than that without the addition of inert medium. It could be concluded that the introduction of inert particles as the energy carrier to the fluidized bed dryer increases the drying rate, and hence, reduces the drying time. Figure 3 shows the variation of dimensionless moisture content MR with time at different air temperatures. As expected, the drying time is shorter at higher temperature. This trend was also observed for the drying at different air velocities shown in Figure 4 .
RESULTS AND DISCUSSION
The experimental drying data were fitted to some drying models available in the literature listed in Table 2 . A new model was proposed as presented in Model No. 10, which was a modification of the Wang and Singh model. Non-linear regression analysis was performed using Microsoft Excel (Microsoft Office 2007, USA) using the SOLVER tool by minimizing the residual sum of squares. The goodness of fit for all the models was compared in terms of coefficient of determination (r 2 ), reduced chi-square (χ 2 ) and root mean square error (RMSE). Large values of r 2 and low values of χ 2 and RMSE suggest a good fit to the data. The χ 2 and RMSE were calculated using Eqs.
(4) and (5), respectively:
where MR exp,i and MR pre,i are the experimental and predicted moisture ratios, respectively, N is the number of observations and z is the number of constants in the models. Tables 3 and 4 show the results of regression analysis along with the statistical parameters and model constants for all the models. From the comparison among all the existing drying models, generally all these models gave satisfactory agreements with the experimental data. Midilli Figure 5 illustrates the variation of the experimental values against the values predicted from the proposed model. As shown in Figure 5 , the proposed model gave close predictions with the experimental data.
The new model was also tested for other material such as the oil palm empty fruit bunch (EFB) dried in a superheated steam from the work of Hasibuan and Daud [34] . Table 5 shows that the new model gave the best fit predictions of the experimental drying data compared to the other existing models.
CONCLUSION
The drying characteristics of oil palm fronds in a fluidized bed dryer with the presence of sand as inert particles were investigated. The introduction of inert Greek letters χ 2 chi-square (-)
